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IntroductIon
Understanding the effects of climate change on the geographic distribution and abundance of tree species and the functioning of forest ecosystems has important ecological and economic implications. Paleoecological studies have provided much of the scientific foundation for our understanding of the relationships between climate (and climate change) and tree species distribution and abundance (e.g., Jackson and Whitehead 1991 , Prentice et al. 1991 , Williams et al. 2004 ). The expectation of unprecedented rates of climate change during this century has prompted efforts to develop a variety of modelbased assessments to predict future changes in v www.esajournals.org CANhAM AND MURPhy the distribution of tree species and forest ecosystems. The models fall into three general classes: (1) process models based on ecophysiology and biogeochemistry (e.g., Sitch et al. 2008, Tang and Beckage 2010) , (2) statistical models that relate the current geographic distribution of species and ecosystems to climate variables (e.g., Sykes and Prentice 1996 , Iverson and Prasad 1998 , Thompson et al. 1998 , Box et al. 1999 , and (3) population dynamic models that incorporate the effects of climate on the demography of component species (e.g., Bugmann 1996, Scheller and Mladenoff 2005) . The three approaches have very different empirical foundations and lead to very different projections of future distributions of tree species under climate change (Loehle and LeBlanc 1996 , Iverson and Prasad 1998 , Bolliger et al. 2000 , Tang and Beckage 2010 .
Despite a pressing need to be able to predict the effects of climate change on the distribution and abundance of temperate tree species, we still have only rudimentary understanding of how ecophysiological and demographic processes determine the current distributions of those species, and how different aspects of climate influence key ecophysiological and demographic processes that determine the abundance of tree species (holt et al. 2005 (holt et al. , Parmesan et al. 2005 . It seems clear that climate must play a preeminent role in at least the range boundaries of temperate tree species (Simova et al. 2015) , but it is much less clear how important climate is in determining the spatial distribution and abundance of a species within its range, particularly given the myriad other factors that influence the presence and abundance of tree species within a stand (Morin et al. 2007, Canham and . There is also a growing recognition that temperate tree species distributions are likely to be in disequilibrium with current climate, given long generation times for temperate trees and pervasive human impacts and natural variation in climate over the past millennium (Canham 2014, Jackson and Blois 2015) .
The limitations of statistical "climate envelope" models have been widely debated, particularly their potential to overestimate future shifts in species distributions under climate change, largely because of the assumption that species can track climate change without time lags (Davis et al. 1998, Jeschke and Strayer 2008) . A number of studies have pointed out that early versions of both process and population dynamic models also suffered from this limitation because of fundamental flaws in the assumptions about the nature of the direct effects of climate variables (particularly temperature) on tree growth and survival (e.g., hurtt 1993, Loehle and LeBlanc 1996) . Schenk (1996) reviewed early approaches to modeling temperature effects on growth and survival, and concluded that very few of the models were based on assumptions and processes that were consistent with the empirical research on temperature effects on plant performance. More recent models have sought to address these concerns through more detailed mechanistic models of ecophysiological processes (e.g., Ise and Moorcroft 2010, Gustafson et al. 2015) . We suggest, however, that the most significant current limitation in our ability to refine the predictions of the impacts of climate change on the distribution of tree species is that rigorous empirical analyses of the effects of climate on tree growth and survival have lagged far behind the models (Saxe et al. 2001, Way and Oren 2010) .
Networks of national forest inventory plots have become an important source of data for analysis of the distribution and dynamics of tree species (e.g., Iverson and Prasad 1998 , Lichstein et al. 2010 . here, we use data from the U.S. Forest Service Forest Inventory and Analysis (FIA) program to quantify the relationships between two key climate variables and rates of sapling and canopy tree growth for the 50 most common tree species in the eastern United States, across the full range of climatic conditions present within that region.
Methods

Study region, plots, and species
Plot and tree data were obtained from the website of the U.S. Forest Service FIA program (http:// apps.fs.fed.us/fiadb-downloads/datamart.html, data downloaded in September of 2012) for the 31 eastern U.S. states (all states east of Minnesota south to Louisiana). We used data from plots censused under the nationally standardized (annualized) protocols established in 1999 (Woudenberg et al. 2010) , although some states used effectively the same design prior to that, so the census years in our compiled data set ranged v www.esajournals.org CANhAM AND MURPhy from 1998 to 2012. For each state, we selected census cycles for which both the current and previous censuses were conducted using the new national standard plot design, to allow determination of plot and tree conditions at the time of the previous census. We then used average annual diameter growth (change in diameter between the two censuses, divided by the census interval) as the primary response variable. Average remeasurement int ervals for species varied from 4.4 to 5.0 yr. Plots that were not classified as "forestland" were excluded from the data set. We also excluded plots in southern pine forest types as the focus of our broader research effort was on the deciduous and mixed deciduous/conifer forests of the eastern United States. This left a total of 114,584 plots distributed across the 31-state study region. True plot locations were obtained from the U.S. Forest Service under a security memorandum.
Each FIA plot consists of four circular subplots, with 36.6 m between subplot centers. All trees ≥12.7 cm diameter at breast height (dbh) are censused in the 7.32 m radius subplots. Saplings (stems ≥2.5 and <12.7 cm dbh) are censused in a single 2.07 m radius microplot within each subplot. Our analyses focus on the 50 most common tree species in our plot data set (Table 1) , with separate analyses for each of the 50 species. Sample sizes for species ranged from 900 to 81,113 adults and 224 to 19,345 saplings in 971 to 35,500 subplots. Because of the wide spacing between subplots, and because neighborhood-scale canopy tree abundance within a subplot is used in the analyses to characterize competition, we treat each subplot as a separate sample location.
While there is a rich literature relating plant performance to a wide range of climatic variables (e.g., Thuiller et al. 2003) , we have chosen a priori to focus our analyses on two primary climate variables: annual mean temperature and effective growing season precipitation (total annual precipitation minus runoff during winter months). Our reasons are based on both pragmatism and principle. Within our study region, mean annual temperature has an extremely high correlation with both mean monthly temperatures for all months of the year, and with various metrics based on growing degree days. And much of the scientific and policy debate about the effects of climate change has been couched in terms of changes in mean annual temperature. While plant survival may be more closely related to water deficits, we have chosen to test for a relationship between growth and a measure of water supply rather than deficit. For studies with sites that occur within a fairly narrow range of mean annual temperature, total annual precipitation is a reasonable measure of water supply. But when sites occur across a broad range of temperature regimes, total annual precipitation will give a biased over estimate of supply of water for sites with cold winter months where a significant fraction of total annual precipitation is lost via runoff. Thus, we have used a calculation of "effective precipitation," defined as total annual precipitation minus rainfall received in winter months above available water storage capacity.
We compiled annual and monthly temperature and precipitation data for each plot using bilinear interpolation of the 800 m resolution PRISM climate data (http://www.prism.oregonst ate.edu/), using only data from the specific years and months between the current and previous censuses of a given plot. The calculation of runoff required estimates of monthly potential and actual evapotranspiration (PET and AET). We used the National Elevation Dataset compiled by the U.S. Geological Survey at 1/3 arc-second resolution for digital elevation data to calculate incident solar radiation, by month, for each plot location, using solar radiation routines in ArcGIS Version 10 (ESRI 2011). Available water storage capacity in the top 100 cm of soil at each plot location was extracted from the U.S. Department of Agriculture Soil Survey Geographic (SSURGO) database. The monthly solar radiation data and soil water storage capacity data were then combined with monthly temperature and precipitation data to calculate monthly PET and AET using the Turc method (Lu et al. 2005 , Dyer 2009 ). The sum of rainfall received in winter months above available water storage capacity was treated as runoff and subtracted from total annual precipitation to generate our measure of effective precipitation.
A number of recent studies have documented effects of anthropogenic nitrogen (N) deposition on tree growth in temperate forests (e.g., Thomas et al. 2010) . We used regional maps of total annual wet deposition of nitrate and ammonium generated by the National Trends Network v www.esajournals.org CANhAM AND MURPhy NADP, 2015) . Data for annual nitrate and ammonium wet deposition were downloaded from the NADP website (http://nadp.sws.uiuc.edu/ntn/ annualmapsByyear.aspx). We then extracted the deposition data for each FIA plot location, using only the data from the years from the beginning to the end of the census interval used for a given plot. Average annual wet nitrate and ammonium deposition (kg·ha −1 ·yr −1 ) were then combined for an estimate of average total annual wet N deposition during the census interval.
A maximum-likelihood model of sapling and adult tree growth
As in our previous analyses of tree growth using FIA data (Canham et al. 2006 , we assume that diameter growth is a multiplicative function of terms representing (1) an ontogenetic effect of plant size, (2) a measure of neighborhood competition, and (3) terms representing environmental effects. As in Thomas et al. (2010) , the latter terms include explicit measures of (1) nitrogen deposition, (2) temperature, and (3) precipitation. To minimize potential parameter trade-offs inherent in any multiplicative model, the five sets of factors above are scalars (0-1) which are multiplied by an estimated potential growth rate (PG) representing expected growth at optimal levels of all of the factors. Thus, the basic model is as follows:
Both growth and PG are in units of mm/yr diameter growth. The other terms are dimensionless scalars (0-1). The FIA plots span the full range of edaphic conditions within the region, and field crews assign a site class code (an ordinal measure from 1 to 7) based on estimates of growth for individual site trees (O'Connell et al. 2014) . We grouped the seven site index codes into three general site index classes (FIA plot variable SITECLCD 1-2 = 1, SITECLCD 3-4 = 2, SITECLCD 5-7 = 3) to ensure adequate sample sizes within the three classes, and estimated separate PG parameters for each of the three classes.
The ontogenetic effect of plant size on diameter growth is modeled as a three parameter lognormal function of diameter at breast height (dbh):
where dbh (cm) is measured at the beginning of the census interval, and S p , S 0 , and S b are estimated parameters. The S p parameter shifts the lognormal to the left to allow nonzero intercepts at zero dbh. The size term was fit with a single set of parameters for all stems (adults and saplings).
In previous studies with FIA data, we have used a species-specific and distance-dependent neighborhood competition index (NCI) to model the effects of competition (e.g., Canham et al. 2006 ). For the current study, we used a simpler competition function based on total tree basal area (m 2 ) in the subplot where an individual tree was located, and included a term to factor in the size of the target tree relative to the mean size of neighbors:
where α, β, and γ are estimated parameters. For adult trees, totalBA is the total basal area of all other trees in the 7.32 m radius subplot at the time of the first census. For saplings, totalBA includes the basal area of all adult trees in the subplot, plus the basal area of all other saplings in the 2.07 m microplot. BAratio is the ratio of the mean basal area of individual trees used in the calculation of totalBA to the basal area of the target tree or sapling, at the time of the first census. The parameters α and β determine the shape of the decline in growth with increasing neighbor abundance. The parameter γ determines whether sensitivity of the target tree to crowding varies as a function of its size relative to the mean size (basal area) of neighbors. When γ is positive, target trees are more sensitive to crowding when they are smaller than the mean size of neighbors, and vice versa when γ is negative. Separate sets of the three parameters were fit for saplings and adults because of prior research supporting the assumption that saplings and adults differ in their responses to crowding, and because initial tests showed that fitting separate competition parameters for saplings and adults yielded superior models (in terms of AIC).
The effects of nitrogen deposition on sapling and adult tree growth were fit with a simple Gaussian function:
CANhAM AND MURPhy where Ndeposition is the average annual wet nitrogen deposition (kg·ha −1 ·yr −1 ) at the plot location, and N 0 and N b are estimated parameters. Again, because of both prior research and initial tests, separate sets of parameters were estimated for both saplings and canopy trees. There is no consensus in the literature on the most appropriate functional forms of the response of tree diameter growth to variation in either temperature or effective precipitation. Our approach is to use a functional form that is flexible enough to faithfully fit the data but with parameters that have interpretable effects on the shape of the function. We did initial tests on a number of simpler alternatives including Gaussian and lognormal functions, but settled on a compound double logistic function with three parameters that controlled the shape of the function at the low end of the temperature or precipitation gradient and three parameters that controlled the shape of the function at the high end of the gradient. The functional form was flexible enough to allow different nonzero tails at each end of the gradient and different shapes of rising and falling responses, with a broad plateau at intermediate temperature or effective precipitation if dictated by the data:
where C is either effective precipitation or mean annual temperature during the period between the first census and second census, and the other terms are estimated parameters. Temperature was converted to degrees Kelvin to avoid discontinuities in the function at 0°C. By inverting the position of the climate variable in the two parts of the function, and making the low c and hi c parameters strictly positive, the first half of the function allows for a rising response at the low end of the temperature or precipitation gradient, while the second half of the function allows a falling response at the high end of the gradient. But the low b and hi b parameters determine over what range of the climate variable the function either rises or falls, and are allowed to vary enough that Eq. 5 can fit monotonically increasing or decreasing responses within the range of the data (see Figs. 1 and 2 for illustration of the range of shapes Eq. 5 can take). For both the temperature and precipitation effects in Eq. 1, separate sets of parameters were estimated for saplings and adults, because initial tests showed that models that allowed separate climate responses of juveniles and adults were always superior (in AIC) to simpler models that tried to fit both life stages with a single climate response. While this required a large number of estimated parameters (6 parameters × 2 climate variables × 2 life history stages), the sample sizes for all 50 species were also very large (Table 1) .
For each of the 50 species, initial model testing and development was made using the global optimization algorithm in our likelihood package in R (R Core Team 2014). Given the very large sample sizes, large number of parameters, and large number of iterations required for convergence of the optimization routine, the final models were fit using an implementation of the optimization algorithm in Java. This reduced the computational demand by more than an order of magnitude. While tree growth data are often heteroscedastic, initial tests showed that a simple homogeneous variance normal distribution was appropriate for the likelihood function. We also tested variants of Eq. 1 in which either or both of the climate variables were dropped from the model. Alternate models were then compared using AIC to choose the most parsimonious model with or without one or both of the climate variables. Uncertainty in the maximumlikelihood parameter estimates was assessed using 2-unit support intervals. Goodness of fit of the models was assessed with R 2 . We tested for bias using the slope of the relationship between observed and predicted growth.
results
The best models explained an average of 14% of variation in growth for the 50 species (range
CANhAM AND MURPhy (Table 2 ). For 32 of the 50 species, the best model included both climate variables. For seven of the species, inclusion of temperature effects did not improve the model (based on AIC), and for 13 of the species, inclusion of effective precipitation did not improve the model (Table 2) . Inclusion of the two climate variables in the model increased R 2 by an average of only 2.5% (in absolute units of R 2 , across the 50 species; range 0-7.5%).
Ontogenetic effects of tree size on growth
More than half (27) of the species showed an essentially monotonic increase in diameter growth as a function of diameter (size term in Eq. 1; Appendix S1), after the other terms in the equation had been factored out. This group included both species of Acer, all three species of Carya, the three species of Fraxinus, and all nine species of Quercus, but only two of the conifer species (Tsuga canadensis and Thuja occidentalis). Eighteen of the species showed a basically flat response or a very slight decline in diameter growth with increasing diameter (Appendix S1). This group included all three species of Betula and six of the 10 species of conifers (five of the six species of Pinus, and Picea glauca). Finally, a much smaller group of five species showed a lognormal shape, with a rapid rise to a peak growth at a relatively small adult tree size, and then a gradual but pronounced decline in growth with increasing diameter. This group included one of the understory species (Cornus florida) with a small maximum diameter, but also included Fagus grandifolia, one of the late successional dominant trees in the study region, but a species in which larger trees in the northern portion of its range have been heavily impacted by beech bark disease (Appendix S1).
Interspecific differences in responses of saplings and canopy trees to competition
As expected, saplings of the 50 species differed widely in their response to canopy competition (competition term in Eq. 1; Appendix S1). For a 2 cm dbh sapling beneath a canopy with a mean dbh of 20 cm and a total basal area of 40 m 2 /ha, predicted growth would be reduced to 31% of potential growth, averaged across the 50 species, but with a range from 1.5% to 75% of potential growth (the very shade-intolerant Pinus resinosa and the understory tree Carpinus caroliniana, respectively). Sensitivity of saplings to the competitive effects of neighbors (primarily canopy trees) did not vary much with sapling size: γ parameters (Eq. 3) for saplings averaged just 0.071 and were effectively zero for more than a quarter of the species (Appendix S2). Thus, growth of 10 cm dbh saplings of the 50 species under the same canopy would be reduced on average to 37% of potential growth. As expected, the four species with the least reduction in growth beneath a closed canopy were understory species (Carpinus caroliniana, Oxydendron arboretum, Cornus florida, Ostrya virginiana, and Ulmus alata), and the least sensitive of the canopy species was the very shade-tolerant Fagus grandifolia (Appendix S1). Nine of the 10 species most sensitive to canopy competition as saplings were species of either Quercus or Pinus.
Sensitivity of canopy trees to competition was more strongly influenced by the size of the individual relative to the mean size (basal area) of neighbors (Appendix S1). The γ parameters for adults were consistently larger than for saplqings, averaging 0.319 (range 0-1.00) (Appendix S2). Seven of the nine species of Quercus and four of the six species of Pinus were among the dozen species with the highest estimated γ parameters, and thus, the species in which sensitivity to competition was greatest when the target tree size was small relative to mean canopy tree size (Appendix S2). Growth of a 15 cm dbh individual in a stand with a total basal area of 40 m 2 /ha and a mean adult tree size of 30 cm dbh averaged just 33% of potential growth (across the 50 species), but ranged from 4% to 64%. Growth of a 30 cm dbh tree in the same stand averaged 47.9% of potential growth (range 23-78% among the 50 species).
Interspecific differences in responses to N deposition
Responses of the 50 tree species to regional variation in nitrogen (N) deposition varied widely among species, and as reported in a previous study with a subset of 24 of these species sampled in a smaller region , responses differed depending on the characteristic mycorrhizal associations of the tree species (Appendix S3). Adults of 18 of the 50 species showed a strong monotonic increase in growth with increasing N deposition across the range of deposition in the study plots (i.e., <10 kg·ha −1 ·yr −1 ). These included 10 of the 17 species (59%) with arbuscular mycorrhizal associations, but only eight of the 33 species (18%) with ectomycorr hizal associations. The ectomycorrhizal species showing a positive response included six of the nine species of Quercus. The remaining seven species with arbuscular mycorrhizae and more than half (17 of 33) of the species with ectomycorrhizae showed no response of adult tree growth to variation in N deposition. The only species with a consistently negative response to variation in N deposition were 10 of the 33 species (30%) with ectomycorrhizae (Appendix S3). Thomas et al. (2010) focused only on canopy trees, but our analysis here allows us to compare responses of saplings vs. adults to N deposition. As with adults, saplings of roughly half of the species (26 of 50) had no response to the gradient of N deposition (although a different set of species than for adults). Saplings of only 13 of the 50 species showed a monotonic increase in growth across the N deposition gradient, and only five of these are associated with arbuscular mycorrhizae (Fraxinus pennsylvanica, Juniperus virginiana, Liquidambar styraciflua, Liriodendron tulipifera, and Oxydendron arboretum). Saplings of only one species-Fagus grandifolia-showed a strong monotonic decline in growth across the deposition gradient. But saplings of a larger group of 10 species (only two of which, Nyssa sylvatica and Robinia pseudoaccacia, are associated with arbuscular mycorrhizae) had a strongly Gaussian response, with peak growth at intermediate levels of N deposition (Appendix S3).
Interspecific differences in responses to climate
The compound logistic functional form we used to test for responses of both saplings and canopy trees to variation in mean annual temperature is capable of taking on a very wide range of shapes, and the 50 species do indeed show an enormous diversity of shapes in their response to regional variation in temperature (12 representative species shown in Fig. 1 , figures for all 50 species are in Appendix S1). For many of the species, there is a significant portion of their temperature range for which growth of either or both saplings and canopy trees does not vary. Prominent examples include Acer rubrum and A. saccharum, the two most common species in the data set (Fig. 1) . A small set of six species (two angiosperms Betula alleghaniensis and Ulmus americana, and four conifers Picea glauca, Pinus banksiana, P. resinosa, and P. taeda) had pronounced declines in expected adult tree growth across the warmer end of their current distribution ( Fig. 1; Appendix S1 ). But by far the most common response among the 50 species (if there was any response to variation in temperature at all) was for an approximately monotonic increase in expected sapling or adult growth with increasing temperature (Appendix S1). In contrast, virtually all of the species show much more canonical and approximately Gaussian distributions of the fraction of plots of a given temperature in which they were present ( Fig. 1 ; Appendix S1; Canham and Thomas 2010) .
Responses to variation in effective precipitation (average annual precipitation minus winter runoff) showed even weaker patterns than the responses to variation in temperature (12 representative species shown in Fig. 2 , figures for all 50 species are in Appendix S1). Despite pronounced variation in the distributions of the 50 species along the precipitation gradient, there was much more modest or effectively no variation in expected growth rates of either saplings or canopy trees along the precipitation gradient ( Fig. 2 ; Appendix S1). Support intervals on the predicted responses were often quite large, particularly at the edges of the range of the distribution of a species along the gradient, where sample sizes were more limited.
dIscussIon
Ontogeny and the importance of plant size
Our models include the effects of plant size for both practical and theoretical reasons. Traditional growth studies used relative growth rates (RGR) rather than absolute growth in large part to control for differences among treatment groups or populations in the sizes of individuals that could obscure the effects of other independent variables (climate in our case). But RGR assumes an underlying linear ontogenetic relationship between growth and size that is clearly not appropriate over a broad range of plant sizes. Allometric scaling models, including metabolic theory, posit a power law relationship between biomass and biomass growth, typically with a theoretical v www.esajournals.org CANhAM AND MURPhy expectation of a common exponent across species (Enquist et al. 1999) . A variety of studies have challenged the fit between empirical data and the expected value of the scaling exponent, and its consistency across species (Muller-Landau et al. 2006, Coomes and Allen 2009 ). Our models predict diameter growth as a function of stem diameter, and because of the nonlinear relationship between stem diameter and biomass, an asymptotic power law relationship between biomass and biomass growth will result in a unimodal and approximately lognormal shape to the relationship between diameter and diameter growth for at least some values of the power law exponent. But the broad range of shapes of the estimated relationships between stem diameter and diameter growth for the 50 species analyzed here (Appendix S1) suggests that there indeed is a broad range of ontogenetic size relationships possible among tree species (Franceschini and Schneider 2014, Iida et al. 2014) .
The importance of including competition in models of climate responses
As with the size term, the competition term is included in our general model (Eq. 1) to control for the effects of competition and avoid confounding any climate-based differences in the average intensity of competition with underlying direct effects of climate on tree growth. The functional form for the NCI used here is simpler than in previous studies that are spatially explicit and account for species-specific differences in both competitive effects and responses (Canham et al. 2004 (Canham et al. , 2006 . Those more complex formulations for NCI yield much better goodness of fit (R 2 ), but do so at the cost of a much greater computational burden in both parameter estimation and implementation of the resulting relationships in forest simulation models. Nonetheless, even the simple formulation for competitive effects used here confirms that the absolute degree of crowding in a stand and the size of an individual relative to the mean size of neighbors combine to have the greatest impact on predicted growth of any of the terms in the model (Appendix S1).
Interspecific differences in responses to nitrogen deposition
Our analyses of responses of saplings and canopy trees to regional variation in nitrogen deposition confirm a previous study ) with a smaller set of species from a more limited study area. Roughly half of the 50 species we examined showed variation in growth along the N deposition gradient as saplings, and a different set of roughly half of the 50 species also responded as adults. In general, species with arbuscular mycorrhizae were more likely than species with ectomycorrhizae to show a positive response to N deposition, over at least some portion of the gradient. A significant fraction of the ectomycorrhizal species (but none of the arbuscular mycorrhizal species) had negative responses to N deposition. And while the Thomas et al. (2010) study focused only on canopy trees, our results show that saplings typically had different responses to N deposition than did canopy trees of the same species, and that saplings were more likely to have Gaussian rather than monotonic responses over the range of wet N deposition in the eastern United States. The analysis by Thomas et al. (2010) revealed that high ambient levels of N deposition were associated with a significant net increase in aboveground tree biomass averaged across the northeastern and north-central United States. But the wide range of species-specific positive and negative res ponses to N deposition suggests that at a local scale, species composition, including the relative balance of ectomycorrhizal vs. arbuscular mycorrhizal tree species, will be an important determinant of the net effect of N deposition on forest productivity and carbon storage (Phillips et al. 2013) . It is also important to note that while anthropogenic N deposition represents an input of a nutrient often considered to limit tree growth in this region, it is also associated with soil acidification and depletion of base cations (Likens et al. 1998) . The wide range of positive to negative responses to N deposition may thus reflect indirect effects due to interspecific differences in sensitivity to soil acidification and supply of base cations (Bigelow and Canham 2007, Fowler et al. 2015) .
Climatic controls of tree growth and distribution
After controlling for the effects of plant size, competition, and N deposition, the relationships between the two climate variables and geographic variation in tree growth were surprisingly modest, and bore little obvious relationship to the distributions of the species along climate gradients v www.esajournals.org CANhAM AND MURPhy (Appendix S1). For over a quarter of the species, there was no statistical support for a relationship between 5-yr average effective growing season precipitation and 5-yr average growth, and for most of the remaining species the relationship was effectively flat over a wide range of precipitation. And yet there was striking variation in the distribution of most of the species along the precipitation gradient. Responses to regional variation in mean annual temperature were stronger, but again showed little obvious correlation with the distribution of abundance of most species along the temperature gradient (Appendix S1).
Studies of climate-growth relationships always face the challenge of selecting appropriate climate metrics to use as independent variables. Our approach has been to select variables a priori because of the well-known problems with a posteriori selection based on goodness of fit of variables among the literally hundreds of possible permutations of temperature and precipitation data than can be generated for any location. While there is a rich ecophysiological literature on leaflevel responses to variation in temperature and water relations, stem diameter growth represents just one component of whole-tree carbon gain and attempts to develop general scaling rules from short-term, leaf-level responses to whole-plant, longer term growth have not led to consensus on climate variables most appropriate for inclusion in models of annual or longer term average tree diameter growth.
This problem is particularly acute with assessment of the impact of variation in precipitation, as soil water supply and plant water status reflect the combined effects of precipitation modified by temperature, solar radiation, topography, and soils. And while mean annual temperature has a very high correlation with monthly and seasonal temperature variables at any given location, measures of seasonal and annual rainfall totals have a much weaker relationship to seasonal or annual water deficits. For example, across the >100,000 plots in our data set, the correlation between our measure of "effective" precipitation and growing season water deficit was only 0.24 because of variation in topography, temperature, and soil water-holding capacity within a given precipitation regime. Thus, it is possible and even likely that there are stronger relationships between tree growth and other measures of water supply or water stress for many of the 50 species. Much of the variation in soil water supply and various measures of potential plant water stress would occur as fine-scale variation due to topography and soils within a given temperature and precipitation regime. Nonetheless, most of the 50 tree species studied here show clear niche differentiation in at least presence (frequency of occurrence) within stands along the precipitation gradient (Appendix S1; Canham and Thomas 2010) . This suggests that other aspects of the demography of many of these species, including seed production and seedling recruitment, and survival at either seedling, sapling, or canopy tree stages, may respond more directly to precipitation (Benavides et al. 2013 , Buechling et al. 2016 , Canham and Murphy 2016 .
Variation in growth along the temperature gradient was generally more pronounced than along the effective precipitation gradient. The most common pattern was for a roughly monotonic increase in growth across a limited range of the temperature gradient, but an effectively flat response across the remainder of a species current distribution. For a small set of species of cold climates, growth of either saplings or canopy trees declined in warmer climates (e.g., Picea glauca and Pinus resinosa; Appendix S1). The result for Picea glauca mirrors results obtained from a tree-ring study (D'Arrigo et al. 2004 ). An increase in growth with increasing temperature across at least some portion of the temperature gradient is certainly not unexpected given the underlying temperature dependence of photosynthesis (Saxe et al. 2001 ). In addition, dendroecological studies often show positive relationships between interannual variation in temperature and interannual variation in tree growth within a given location (Bunn et al. 2005, Way and Oren 2010) , although there is evidence that those responses have weakened in the past 50 yr (D'Arrigo et al. 2008) . Similarly, the lack of variation in diameter growth along some or most of a species' distribution along the temperature gradient is not unexpected given studies of local acclimation and/or adaptation to long-term mean growth temperatures (Carter 1996, Cunningham and Read 2003a, b) .
Prunus serotina was the only one of the 50 species that showed a unimodal peak in growth of both saplings and adults that coincided roughly v www.esajournals.org CANhAM AND MURPhy with the distribution of the species along the temperature gradient (Appendix S1). For two other species-Ulmus americana and Picea glauca-variation in growth of canopy trees but not saplings mirrored the current distributions of the species along the temperature gradient (Appendix S1). A mismatch between the temperature dependence of growth and a species' distribution along the temperature gradient is not unexpected, given that growth is just one of the components of demography that will vary along the temperature gradient and that many processes may create a divergence between the fundamental and realized climate niches of these temperate tree species. But it is worth noting that in a study that examined variation in growth of 14 of these 50 species along soil moisture and soil nutrient gradients within a given climate (Canham et al. 2006) , maximum potential growth of adults of at least the shade-tolerant, successional dominant species coincided closely with the local environments in which those species were most abundant (as indicated by an ordination). Less shade-tolerant species, in contrast, showed some degree of displacement of their realized niches (defined in terms of abundance) away from their fundamental niches (defined in terms of growth in the absence of competition) (Canham et al. 2006) .
Our most general conclusion regarding the climate responses of these temperate tree species is that there is an enormous range of species-specific variation in the relationship between growth and distribution along the climate gradients. Indeed, Vanderwel et al. (2013) concluded that recruitment and mortality were more important than variation in growth in explaining the distribution of forest types along climate gradients. Many empirical studies and models of forest response to climate change have dealt with this variability by grouping species into functional types (e.g., Way and Oren 2010, Vanderwel et al. 2013) . We would simply note that the functional type groupings are often arbitrary and based on simple sets of readily observed traits (Iida et al. 2014 , Simova et al. 2015 . The integration of ecophysiological and demographic processes into dynamic models provides a way to quantitatively assess the sensitivity of population dynamics to variation in specific traits and combination of traits (Pacala et al. 1996 , Vanderwel et al. 2013 . Pacala et al. (1996) outlined a set of strategic trade-offs among a set of demographic traits of the nine species they studied and noted that coexistence of the species in the model required trait combinations that were distributed in a very limited portion of trait space. But it is still an open question whether species cluster into distinct functional types within those regions of trait space, or whether evolution and niche differentiation have led to more uniform distributions of individual species in trait space.
